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Abstract
Background

Changes in cerebral blood flow in response to neuronal activation can be measured by time-dependent
fluctuations in hemoglobin species within the brain; this is the basis of functional magnetic resonance
imaging (fMRI) and functional near-infrared spectroscopy (fNIRS). There is a clinical need for portable
neural imaging systems, such as fNIRS, to accommodate patients who are unable to tolerate an MR
environment.

Objective

Our objective was to compare task-related full-head fNIRS and fMRI signals across cortical regions.

Methods

Eighteen healthy adults completed a same-day fNIRS-fMRI study, in which they performed right- and
left-hand finger tapping tasks and a semantic-decision tones-decision task. First- and second-level
general linear models were applied to both datasets.

Results

The finger tapping task showed that significant fNIRS channel activity over the contralateral primary
motor cortex corresponded to surface fMRI activity. Similarly, significant fNIRS channel activity over
the bilateral temporal lobe corresponded to the same primary auditory regions as surface fMRI during

the semantic-decision tones-decision task. Additional channels were significant for this task that did
not correspond to surface fMRI activity.

Conclusion

Although both imaging modalities showed left-lateralized activation for language processing, the
current fNIRS analysis did not show concordant or expected localization at the level necessary for
clinical use in individual pediatric epileptic patients. Future work is needed to show whether fNIRS and
fMRI are comparable at the source level so that fNIRS can be used in a clinical setting on individual
patients. If comparable, such an imaging approach could be applied to children with neurological
disorders.
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Introduction

Neuronal activation in the brain correlates with increased cerebral blood flow and volume to meet
metabolic demand.1 Changes in cerebral blood flow in response to neuronal activation, referred to as
the hemodynamic response, can be measured by time-dependent fluctuations in oxygenation
of hemoglobin species within the brain. This neurovascular coupling is the basis of many functional
neuroimaging techniques, including functional magnetic resonance imaging (fMRI), positron emission
tomography (PET), single-photon emission computerized tomography (SPECT), and functional nearinfrared spectroscopy (fNIRS).
fNIRS is a noninvasive imaging tool that uses changes in near-infrared light absorbance to measure
changes in oxygenated and deoxygenated hemoglobin concentrations and assess regional tissue
oxygenation.2 First described by Jöbsis 40 years ago,3 fNIRS has been used clinically for monitoring
regional oxygenation, for example, in pediatric intensive care units,4,5 but it has not been widely
utilized in clinical neurology and the neurosciences.6,7 The portability and cost-effectiveness of fNIRS
relative to other functional neuroimaging modalities, such as fMRI, has attracted clinicians and
neuroscientists to explore the feasibility of using fNIRS as an alternative approach to assess
neurovascular integrity and brain function. fNIRS can be easily set up at bedside without the need to
transport patients, which is particularly crucial for critically ill children whose care requires
immobilization. Importantly, fNIRS has the unique ability to monitor brain activity continuously in real
time, which can be especially relevant in pediatric populations. Continuous assessment of brain activity
can not only help researchers to establish a deeper physiologic understanding of the developing brain
but also can help clinicians derive important diagnostic and prognostic biomarkers for different
common pediatric pathologies, such as epilepsy,8 hypoxic-ischemic encephalopathy,9 and traumatic
brain injury.10,11
To show how clinically useful fNIRS can be, recent studies have focused on using group analysis to
validate fNIRS with fMRI at the channel12,13 and source levels.14, 15, 16 Source-level comparisons
during median nerve stimulation have shown spatial and amplitude correlations between fNIRS and
fMRI with |R| > 0.48 and > 0.5, respectively.14 Similarly, for more complicated tasks, Hernández-Martin
and colleagues15 reported up to 60% overlap between fNIRS and fMRI within frontal regions of interest

when subjects did mathematical calculations. Wijeakumar and colleagues16 also found correlations
(R > 0.6) between fNIRS and fMRI during a working memory task. In these validation studies, fNIRS
optodes were concentrated on a specific region of interest, limiting spatial comparisons of functional
activity only to regions where activity was expected. To be clinically useful, fNIRS needs to show
comparable detection of functional activity across the whole cortical surface.
We compared fNIRS detection of task-related activity across cortical areas to fMRI. As fNIRS measures
the same physiological response as fMRI,17 activation patterns should be similar at the group level
across the two modalities. Performing this first full-head assessment is an important step toward
demonstrating the clinical utility of fNIRS.

Materials and Methods
Participants

After a screening process wherein subjects performed structured tasks to determine if a strong taskrelated hemodynamic response was detectable with fNIRS, 20 healthy adults participated in a sameday fNIRS-fMRI study; however, one participant terminated the fMRI session early and another
terminated the fNIRS session early. Data for the remaining 18 participants (38.9 ± 15.1 years, 6 male)
were analyzed. All participants were right-handed based on the Edinburgh Handedness Survey,18 had
normal or corrected to normal vision, and utilized English as their native language. The study was
approved by the Medical College of Wisconsin Institutional Review Board, and informed consent was
obtained for all subjects prior to participation.

Experimental equipment

fNIRS data were collected using a continuous wave optical system at 760 and 850 nm with a sampling
frequency of 3.125 Hz. All fNIRS data were collected using the NIRScoutX (NIRx Medical Technologies,
Glen Head, NY, USA) with NIRStar (ver 15-2). To capture full-head imaging, 32 emitters and 32
detectors were placed about the scalp with an interoptode distance of approximately 3 cm for a total
of 102 channels. Subject-specific channel locations and anatomical landmarks were digitized using a
Polhemus FastTrack system (Polhemus, Colchester, VT, USA). Figure 1 depicts how the average
montage and resulting channels are placed over various anatomical regions. During fNIRS testing,
participants sat upright in a darkened room while viewing a 44-cm computer display placed at eye level
approximately 60 cm away.

FIGURE 1. Functional near-infrared spectroscopy probe montage. Emitters (32) are shown as red circles, and
detectors (32) are shown as blue circles. The resulting channels are shown as dashed white lines. The probe
montage is placed over the Colin27 brain to show which anatomical features are beneath various channels.

Functional and structural MR images were obtained using a GE Healthcare 3T Signa Premier scanner.
High-resolution whole-brain anatomical images were obtained at the beginning of the imaging session
using T1-weighted gradient recall images (176 slices, repetition time = 8 ms, echo time = 3.1 ms, flip
angle = 12°, 1 × 1 × 1 mm voxels). Functional MR images consisted of axially oriented T2∗-weighted
echo planar images covering the whole brain (41 slices, repetition time = 2.0 seconds, echo
time = 23 ms, flip angle = 77°, 3.5 × 3.5 × 3.5 mm voxels). The number of functional volumes varied for
each task: 205 for the motor task and 274 for the language task. During the fMRI session, participants
wore the cap used during fNIRS data acquisition with vitamin E capsules placed in the channel locations
to verify channel registration on the participant's head.

Experimental tasks

Participants took part in same-day fNIRS and fMRI experimental sessions in which they completed
separate tasks assessing motor and language function. Each task was presented in a block paradigm
consisting of task periods interleaved with rest periods. Motor cortices were functionally localized
using a sequential finger tapping task (i.e., Motor task) in which participants tapped their thumb to
each finger starting with their index finger going toward their little finger and then reversed the
sequence as fast as possible while still hitting each individual digit. While the word RIGHT or LEFT was
displayed on the screen (20 seconds), participants sequentially tapped the fingers on their
corresponding hand. Following each tapping sequence participants were presented with a 20-second
rest period and asked to fixate on a crosshair placed at the center of the screen while performing no
movement. Participants completed 10 cycles of the motor task for each hand.
To identify language-related functional regions, the Semantic-Decision Tone-Decision (SDTD) paradigm
developed by Binder and colleagues was implemented.19, 20, 21 Briefly, the paradigm consisted of
two conditions. During the tone decision control condition (Tone task), participants heard a series of
high- and low-pitch tone sequences. Each sequence varied in length between three and seven
consecutive tone presentations and consisted of at most two high-pitch (750 Hz) target tones
presented within a sequence of low-pitch (500 Hz) tones. Participants were asked to press a button if
two high-pitch tones were presented in the sequence of tones. For the semantic decision condition
(Semantic task), participants heard the names of animals and were asked to press a button if the
animal was both “found in the United States,” not including zoos, and “used by humans.” Sequences of
eight stimuli (consisting of either tones or animal names) were presented in separate 28 second blocks
followed by 17.5 seconds of rest for a total of 12 cycles per task condition.
Experimental presentations of the task sequences and stimuli were carried out using PsychoPy3.22 The
order of experiments and the tone and animal name sequence order were randomly chosen for each
experimental session. In addition, before starting the functional tasks in the fNIRS session, baseline
brain activity was measured during a five-minute period while participants looked at a black screen in a
restful wakeful state.

For both fMRI and fNIRS, the individual tasks (i.e., Right, Left, Semantic, and Tone) were analyzed as
were the contrasts between conditions within a functional task. For the Motor task, the Right-hand
condition was contrast with Left-hand condition (Right-Left) to highlight motor regions specific to each
hand. For the SDTD task, the Semantic decision condition was contrast with the Tone decision
condition (Semantic-Tone) to identify language processing regions. The Semantic-Tone contrast
produces highly reliable, left-lateralized activation in frontal, temporal, and parietal regions previously
implicated in language processing.

Data analysis
fNIRS
All fNIRS data analysis was completed using MATLAB R2018b (Mathworks, Natick, MA, USA), using the
NIRS Brain Analyzer Toolbox.23 Before analysis, the raw light absorbance data were converted into
optical densities. Artifacts related to head movements during experiments were removed using
temporal derivative distribution repair motion correction.24 Signals were iteratively weighted based on
how much a sampled time point varied from the standard deviation of the entire signal. Weighting
continued until the channel average converged.
Following motion correction, the optical density of each channel was converted into
separate oxyhemoglobin (HBO) and deoxyhemoglobin (HBR) states using the Beer-Lambert law.25 Scalp
blood flow was removed using principal component analysis applied over the entire time series for
each channel. Based on results from Zhang and colleagues,26 the first principal component analysis
component reliably captures scalp blood flow and was thus subtracted from the channel time series
data.
fMRI
All fMRI processing was performed using fMRIPrep 1.4.1,27 which is based on Nipype 1.2.0.28 Briefly, all
anatomical scans were corrected for intensity nonuniformity, skull stripped, segmented, and
normalized to standard space (MNI152NLin2009cAsym). Brain surfaces were reconstructed using
recon-all (FreeSurfer 6.0.1).29 All functional scans were corrected for susceptibility distortions using
two echo planar imaging references with opposing phase-encoding directions, coregistered to the T1weighted image, motion corrected, normalized to standard space, and smoothed with a 4-mm full
width at half maximum Gaussian kernel.
Comparison between fNIRS and fMRI
Group volumetric results were projected to the cortical surface using the ribbon constraint surface
mapping method in Connectome Workbench30 as described by Glasser and colleagues.31 Briefly, a gray
matter ribbon was created from the white matter and pial segmented surfaces of the Colin27 brain.
Sampled volumetric data from voxels nearby the gray matter ribbon were weighted based on how well
they fell within the ribbon and used to estimate the cortical surface activity. The projection of fMRI
activity onto the cortical surface was used to visualize the regions of significant activity that can be
detected with fNIRS when overlaying the coregistered channel results.
The group-average fNIRS probe montage from all subjects was coregistered to the Colin27 brain and
used to display channel results. The average probe montage was created by first aligning the measured
probe locations for each participant to their corresponding anatomy. Next, a single-probe montage

was chosen as a reference and the montages for the remaining participants were aligned using an
affine transformation estimated via least squares to map a set of 13 fiducial points. Following
alignment to the reference, the average location of each sensor was computed. The Colin27 cortical
mesh was then aligned to the average probe location in NIRS Brain Analyzer Toolbox using the fiducial
points. A custom database written in Python was used to store the primary datasets in a fully
deidentified format.

Statistics
fNIRS
A general linear model (GLM) was used to determine whether the neurological response of a given
channel was associated with a task. An autoregressive (AR) prewhitening filter and iteratively
reweighted least squares were used during the GLM analysis,32 to remove serially correlated
physiological noise and any motion artifacts not accounted for by the temporal derivative distribution
repair analysis. Specifically, the GLM model was given by:
(1)
𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝜀𝜀

where y is the measured hemodynamic data, X is the design matrix defined by the convolution
between the stimulus block and the canonical hemodynamic response function, and ε is assumed to be
normally distributed (∼N(0,σ2)) noise. Model coefficients, β, were initialized by inverting X via ordinary
least squares method. The model was then iteratively solved to remove serially correlated noise by
fitting the model residual 𝑦𝑦 − 𝑋𝑋β to an AR model. The resulting AR coefficients were used to generate
a prewhitening filter, which was then applied to the hemodynamic data and design matrices. The GLM
was then refit and the process repeated until changes in β were less than 1%. For details on AR
prewhitening and the iteratively reweighted least squares process see Refs. 32,33.
A second-level analysis was applied at the group level using a mixed effects model to determine
whether functional activity was present across participants:
(2)
𝛽𝛽 = 𝐴𝐴 ⋅ 𝛤𝛤

were β is the beta weights from the first-level GLM analysis of each participant, A is the mixed effects
model, and Γ are the task conditions. Additional regressors such as age and gender were not included
in the model. A t test was computed using the beta weights and corrected for multiple comparisons
across fNIRS channels using the Benjamini-Hochberg method.34
fMRI
First-level BOLD signal changes for each task were analyzed in the Analysis of Functional
NeuroImaging program AFNI 20.2.1935 using a GLM with restricted maximum likelihood estimate
model (3dREMLfit) to estimate temporal autocorrelations. Stimulus regressors were created for each
task condition by convolving the stimulus onset with a duration modulated block. Six motion
parameters were included as covariates of no interest. Second-level group analysis was performed
with 3dttest++ using the contrasts of interest between regressors' parameter maps for each participant

as input. Regions of significant functional activity were defined using a voxelwise P < 0.001 threshold
and provided as input to 3dClustSim to determine the minimum cluster size (0.94 mL) to achieve a
corrected significance of P < 0.05. Group-level results were mapped to the Colin27 brain36 for
visualization.

Results
fNIRS

Contralateral somatosensory and motor cortex activation was significant for Right
(t(18) = 2.62; P < 0.05) and Left (t(18) = 2.68; P < 0.05) finger tapping conditions for
both hemoglobin states (Fig 2A and B). Specifically, there was an increase in HBO and decrease in HBR
for these regions. Furthermore, for the Left condition, ipsilateral motor channels were also significant
(t(18) = 2.96, P < 0.05). When the contrast was applied (Fig 2C), there was a significant
(t(18) = 3.74; P < 0.05) increase in HBO in the left somatosensory/motor cortex for the Right relative to
Left condition. Similarly, right somatosensory/motor cortex showed greater activation (represented by
the blue cluster, Fig 2C) for the Left relative to Right condition. Adjacent channels within these regions
were just under the significance threshold. Because there was bilateral activity present in the Left HBR
condition whose magnitude was similar to the Right HBR condition, the contrast resulted in no
significant channels. Similar to the HBO result, somatosensory and motor region channels for both
hemispheres in the contrast were just below the corrected significance threshold (t(18) = [2.16 3.09]).

FIGURE 2. Motor Task. Group-level (N = 18) Motor task results for functional near-infrared spectroscopy (fNIRS)
(right) and functional magnetic resonance imaging (fMRI) (radial coordinates) separated into Right (A), Left (B),
and the contrast Right-Left (C) hand finger tapping. Volumetric fMRI results (left) highlight the most significant
voxels for primary motor clusters (top) and cerebellar clusters (bottom) for each condition (voxelwise
threshold P < 0.001 cluster corrected at P < 0.05). Channel fNIRS (group average probe montage shown)
show oxyhemoglobin (top) and deoxyhemoglobin (bottom) results displayed as t scores with a corrected

threshold (P < 0.05) overlayed on top of the surface fMRI z score results thresholded at P < 0.001. All fMRI
results are displayed on the Colin27 brain.

Channels over the bilateral temporal regions showed an increase in HBO and decrease in HBR for both
Semantic (t(18) = 2.40; P < 0.05) and Tone (t(18) = 2.39; P < 0.05) conditions (Fig 3A and B). When the
contrast was applied (Fig 3C), a significant increase in HBO (t(18) = 2.81; P < 0.05) was seen in channels
over the frontal and parietal lobes of left hemisphere for the Semantic relative to Tone condition.
Increased channel activity over the primary auditory cortex in the right hemisphere was seen with
respect to the Tone relative to Semantic condition.

FIGURE 3. Language Task. Group-level (N = 18) Semantic-Decision Tone-Decision task results for functional nearinfrared spectroscopy (fNIRS) (right) and functional magnetic resonance imaging (fMRI) (radial coordinates)
separated into Semantic (A), Tone (B), and the contrast Semantic-Tone (C) auditory presentations. Volumetric
fMRI results (left) highlight the most significant voxels for primary auditory clusters (top) and over the inferior
frontal gyrus (bottom) for each condition (voxelwise threshold P < 0.001 cluster corrected at P < 0.05). Channel
fNIRS (group average probe montage shown) show oxyhemoglobin (top) and deoxyhemoglobin (bottom)
results displayed as t scores threshold with a corrected threshold (P < 0.05) overlayed on top of the surface
fMRI z score results thresholded at P < 0.001. All fMRI results are displayed on the Colin27 brain.

fMRI

Similar to fNIRS, fMRI results showed significant contralateral somatosensory and motor activity during
Right and Left finger tapping conditions as well as cerebellar activity (Fig 2A and B). For the Right
condition, peak cluster activity occurred over the left postcentral gyrus (z = 6.51; P < 0.001) and
right cerebellum lobes VI (z = 5.62; P < 0.001) whereas for the Left condition, peak cluster activity
occurred over the right precentral gyrus (z = 6.37; P < 0.001) and left cerebellum lobe VI
(z = 5.51; P < 0.001). During the Left condition, significant ipsilateral motor activation was also

observed over the precentral gyrus (z = 4.53.29; P < 0.001). For the Right-Left contrast (Fig 2C), there
was significantly greater activation in the left motor cortex (z = 6.65; P < 0.001) and right cerebellum
(z = 4.96; P < 0.001) in the Right condition relative to the Left, whereas greater activation was seen in
the right motor cortex (z = 6.68; P < 0.001) and left cerebellum (z = 5.66; P < 0.001) for the Left relative
to the Right.
Peak significant fMRI cluster activity for the SDTD task occurred in the superior temporal gyri for
Semantic (left: z = 6.38; right: z = 5.96; P < 0.001) and Tones (left: z = 6.68; right: z = 6.34; P < 0.001)
conditions (Fig 3A-B). For the Semantic-Tone contrast (Fig 3C), greater activation was present in the left
superior, middle, and inferior frontal gyri (z = 4.05; P < 0.001) as well as the left superior temporal
sulcus and inferior temporal gyrus for the Semantic relative to Tone condition, whereas increased
activation was present in bilateral superior temporal gyri (left: z = 6.05; right: z = 5.36; P < 0.001) for
the Tone relative to Semantic condition.

fNIRS versus fMRI

fNIRS HBO and HBR channels over somatosensory/motor cortex measured significant task-related
activity over the same clusters as the fMRI surface projection (Fig 2A and B) for both Right and Left
conditions. The strongest detection occurred for the HBO Right condition, with five channels
overlapping the cluster, whereas two channels each for HBR Right and HBO Left conditions overlapped
with the fMRI cluster. Ipsilateral motor cortex was also detected in two channels for the Left HBO and
HBR conditions, which corresponded spatially with the three smaller fMRI clusters within that region.
Due to similarities between individual Right and Left conditions, the somatosensory and motor fMRI
clusters were detected by a single HBO channel in each hemisphere for the Right-Left contrast (Fig 2C).
For the SDTD task, bilateral temporal activity was detected in both Semantic and Tones HBO and HBR
conditions that overlapped with the corresponding fMRI clusters (Fig 3A and B). Additional fNIRS
channels with significant activity were not associated with the surface fMRI activity, such as the left
motor cortex in the HBO Semantic condition. Furthermore, when the contrast was applied, greater
activation for the Semantic relative to Tone HBO channels could detect the left superior frontal gyrus
fMRI clusters, whereas greater activation for Tone relative to Semantic HBO detected the fMRI cluster
in the right temporal gyrus (Fig 3C). fMRI activity in the left inferior frontal gyrus was not detected with
the contrast.

Discussion

In this study, full-head fNIRS was compared with same-day fMRI in 18 subjects while performing Motor
and Language tasks. We found overlap between channel HBO and HBR fNIRS results and surfaceprojected fMRI results for all tasks, especially the Motor task, at the group level. These results suggest
that whole-head fNIRS is comparable to fMRI in detecting task-related cortical hemodynamic changes
across lateral cortex.
It has been well demonstrated by other groups that regional hemodynamic changes can be detected
by fNIRS.12, 13, 14, 15, 16,37 For example, Huppert and colleagues37 reported a Pearson's correlation of
0.7 and 0.98 between changes in the fMRI BOLD response and fNIRS HBO and HBR changes respectfully
during a right-hand finger tapping task when fNIRS optodes were placed only over
the contralateral hemisphere. Other more recent studies have shown a similar correlation (r > 0.5) with

fMRI during simple visual or motor tasks.12,16,37, 38, 39 Because these tasks produce a large
physiological response, corresponding regional fNIRS findings are expected. What is unique in our
current study is the use of whole-head fNIRS to detect task activity across lateral cortex in both
hemispheres. Even though Huppert and colleagues reported similar contralateral results to ours, their
regional approach could not detect the task-related activity reported here in the ipsilateral
hemisphere; this becomes even more relevant in clinical settings where neural network dynamics may
be more variable.
Although most validation studies have been performed using visual or motor tasks, optical imaging can
also be used to measure cortical activity for auditory and language processing. Eggebrecht and
colleagues40 used diffuse optical tomography (DOT) with language-related tasks and compared their
source-level spatial results with fMRI using spatial correlations. For the hearing words portion of their
language task, they reported significant HBO and HBR sources over bilateral superior temporal regions
similar to our fNIRS channel and fMRI results for both Semantic and Tone tasks. The investigators also
found that when the fMRI data were smoothed to the same resolution as DOT, HBO and HBR were
strongly spatially correlated with fMRI in bilateral visual and auditory regions associated with reading
(0.86 and 0.83 for HBO and HBR, respectively) and hearing (0.63 and 0.68 for HBO and HBR,
respectively) words but correspondence was more limited on their convert verb generation task (0.32
and 0.22 for HBO and HBR, respectively).40 Combined with our results, this indicates how optical
imaging can be useful in detecting regions of general auditory processing, but analytical advancement
is still necessary to identify language processing regions at the same level as fMRI. The potential to
detect and spatially localize motor, auditory, and language processing is clinically significant. Language
mapping has been difficult when it comes to pediatric patients. Invasive procedures, such as the Wada
test, subject the patient to substantial risk. With the continued advancement of fNIRS systems and
analysis techniques, optical imaging could be used as an alternative tool for language mapping.
At present, fNIRS systems have limited spatial resolution, especially with respect to fMRI or
DOT.40,41 Despite this, the channel-wise comparison, shown here across tasks, suggests that fNIRS can
detect functional activity across the lateral cortices. Detailed validation of the spatial sensitivity across
brain networks will require source analysis at the single subject level. Another inherent limitation of
fNIRS to fMRI is the lower signal-to-noise ratio.38 The lower signal-to-noise ratio inherent to fNIRS
could partially explain why the Right-Left HBR contrast did not reveal significant activity as
somatosensory and motor cortex channels were just under threshold. Furthermore, some fNIRS
channels did not align fully with the central point of the fMRI clusters; this is due in part to the
estimation of source and detector locations required for the group analysis. Because the current
analysis was performed at the group level, there was no single set of measured locations for the group.
Therefore, the group average of coregistered sensor locations was used to display the results. This
group montage generates location uncertainties of up to 4 mm S.D. in all directions. For analyses
performed at the individual subject level, these inaccuracies would be removed and make it possible to
coregister the channel montage and fMRI activity to the individual anatomy.

Conclusion

We were able to detect significant task-related group-level activity in fNIRS channels located over fMRI
clusters for a simple motor task as well as primary auditory cortices during a more complicated

semantic processing task in healthy adults. These results are an important first step toward individual
subject analysis that can be applied at the clinical level, such as with pediatric patients with epilepsy.
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